Abstract
Electricity demand has consistently exceeded available supply in India. While the electricity deficit varies across states, nationally it was estimated to be of the order of 12% on peak and 11% for electricity during 2008-09. This paper explores a demand-side focused potential for energy efficiency improvement to eliminate the electricity deficit compared to a business as usual (BAU) supply-side focused scenario. The limited availability of finance and other legal and administrative barriers have constrained the construction of new power plant capacity in India. As a result, under the BAU scenario, India continues to face an electricity deficit beyond the end of the Twelfth Five Year Plan. The demand-side cost-effective potential achieved through replacement of new electricity-using products, however, is large enough to eliminate the deficit as early as 2013 and subsequently reduce the future construction of power plants and thus reduce air pollutant emissions. Moreover, energy efficiency improvements cost a fraction of the cost for new supply and can lead to a substantial increase in India's economic output or gross domestic product (GDP). Eliminating the deficit permits businesses that have experienced electricity cutbacks to restore production. We estimate the size of the cumulative production increase in terms of the contribution to GDP at a $505 billion between 2009 and 2017, the end of India's Twelfth Five Year Plan, which may be compared with India's 2007-08 GDP of $911 billion. The economic output is influenced by the size of the electricity savings and rate of penetration of energy efficient technologies, and that of self-generation equipment and inverters used by businesses faced with electricity cuts. Generation and inverters are estimated to service 23% of these customers in 2009, which increase to 48% by 2020. The reduction in the construction and operation of new power plants reduces the cumulative CO 2 emissions by 65 Mt, and those of sulfur dioxide and nitrogen oxides by 0.4 Mt each, while also reducing India's imports of coal and natural gas. By 2020, the cumulative GDP benefit increases to $608 billion, the CO 2 savings expand to 333 Mt and SO 2 and NO x to 2.1 Mt.
Introduction
Government utility companies, with only three major private sector generation and distribution companies, traditionally ran the Indian electric power sector until the mid 1990s. Since then the Indian government has pursued a policy of deregulation by opening it to private sector investment and separating generation from transmission and distribution of electricity. While there were many goals, a primary objective of this policy was to ensure a reliable supply of electricity to consumers at affordable prices. Deregulation was intended to reduce or eliminate the electricity deficit, improve the financial performance of the State Electricity Boards (SEBs), and reduce the government's outlay for construction of new electricity supply and subsidies. After almost two decades of reforms, however, the supply and demand gap of electricity widened over the years. In 1990-91, the electrical energy deficit was around 7.7%, and by 2008-09 it grew to 11.1%. The peak power deficit, however, reportedly declined from around 18% in 1990-91 to 11.9% by -09 (CEA, 2009 . Figure 1 shows that electricity shortage has increased faster than the peak power deficit, implying that the shortage is spreading over more hours per day.
Figure 1: Electricity shortage per peak MW deficit
In part, this persistent deficit is due to the significant slippage in the generation expansion programs in the 9th and 10th Plan periods. The planned construction in the 9th Plan was for a capacity of 40.2 GW while only 19.0 GW, less than 50%, was built during this period (Planning Commission, 2002) . The actual construction of capacity fell well short of the planned capacity in both the public and private sectors. The situation was similar during the 10th Plan when only 21.1 GW out of a planned 41.1 GW from conventional sources, slightly more than 50%, was actually built (Planning Commission, 2008) 1 . To further highlight India's difficulty in installing power capacity, Figure 2 shows that installed power capacity and per capita electricity consumption have increased slower than GDP since the 7 th Plan. In addition to a failure in meeting demand, electricity supply in India entails a significant financial burden on the national and state governments since electricity is heavily subsidized for the agricultural and domestic sectors. The gross subsidy amounted to Rs. 431 billion in 2007-08 or about US $ 9.2 billion 2 . Some SEBs are not compensated for providing such subsidies, which reached alarming levels in 2004-05 of approximately 26% in Rajasthan and greater than 20% in Karnataka and Haryana, as a percentage of their total revenues (MoP, 2007) . The 10 th Plan outlay for the power sector in India was 11.1% of the total plan outlay, but an even larger proportion (13.2%) of the states' plan outlay has been for the power sector (Planning Commission, 2008) . Despite a substantial fraction of the government budget being devoted to the power sector, electricity deficits continue to persist.
The fiscal deficit in India has been and continues to be among the highest in the world. Though it reduced from a high of 6.2% of GDP in 2001-02 to around 3.2% in 2007-08, the good work got decisively reversed in 2008-09 with the fiscal deficit touching an alarming level of 7.8% of GDP against an initial target of 2.5% (Rediff Business, 2009 ).
In the context of this troubled background of the subsidy-plagued electric power sector and a high government fiscal deficit, an accelerated program to promote energy efficiency could provide significant benefits besides elimination of the electricity deficit. This will succeed in holding the investment outlays to the electric power sector no more (and potentially even less) than have been planned to date. The benefits of electricity efficiency have been recognized in the 10 th and 11 th Plans as they both emphasize its importance and outline measures for its implementation. Schemes for promoting energy efficiency in India during the 11 th Plan include the Bachat Lamp Yojana (promoting the uptake of CFLs), Standards and Labeling Scheme (covering all basic household appliances as well as motors, variable speed drives and agricultural pump sets), Energy Conservation Building Codes (for new commercial construction), Agricultural and Municipal DSM Schemes, and others. The 11 th Plan recognizes that restructuring incentives and support by shifting from supply driven programs to demand driven programs and technologies would be beneficial. The India Planning Commission has recognized strengthening of the Bureau of Energy Efficiency (BEE) as a priority and regulatory commissions in many states have started seriously considering demand side options. Hence, aggressive steps for the promotion of efficiency measures are expected during the 12 th Plan as well.
Recognizing the importance of energy efficiency options, this paper examines the aggregate economic output and CO 2 reduction benefits from removing the electricity deficit through increased penetration of cost-effective energy efficient technologies. Section 2 outlines the approach and methodology used in estimating these benefits. Section 3 describes the data and sources used in the analysis. Section 4 discusses the two scenarios for reducing the electricity deficit in detail. Section 5 focuses on the economic and carbon dioxide benefits of the supply with efficiency scenario. Section 6 focuses on the limitations of the data and results and Section 7 describes the key conclusions.
Approach and methodology
In order to evaluate the potential for energy efficiency improvement and its impact on reducing the electricity deficit, we develop two scenarios, a business as usual (BAU) electricity supply scenario (BAU Scenario 1) and a supply with energy efficiency scenario (SEE Scenario 2). Each of these scenarios includes projections of peak power and electricity supply and demand. Figure 3 illustrates the BAU supply scenario in which peak power supply falls short of demand, and Figure 4 illustrates the SEE scenario with efficiency improvements so that not only does supply match and, over time, exceed demand but the quantity of supply is less than in the BAU scenario. The net result is that the total electricity supply and hence investment in the SEE scenario is less than in the BAU scenario. The SEE scenario also leads to higher business activity as businesses that face electricity shortages in the BAU scenario have electricity supply that is adequate to increase their output. In order to compare the two scenarios, whose time line includes both the 11 th and 12 th Five Year Plans stretching from 2009 to 2017, we developed a bottom-up energy efficiency spreadsheet model. The model compares the power and electricity supply and demand over the aforementioned time period. For the BAU scenario, the model projects electricity demand and supply using data from the two Five Year Plans and CEA. For the SEE scenario, we estimate the potential power and energy requirement that would be offset by cost effective energy efficiency options over the same period. Only replacement and new sales options are included in the assessment; retrofitting existing technologies is excluded. The use of efficiency options results in a lower demand for electricity and power in the SEE scenario, which reduces the need for new capacity relative to that in the BAU scenario. The power deficit is thus reduced considerably in the SEE scenario and as seen in Figure 4 , construction of new power plants is sufficient to eliminate the power deficit by 2012.
We estimate the capital investment needed for construction of new power plants in both scenarios. In the SEE scenario less capital is needed for new power plants but some capital is also needed for efficiency technologies. Because energy efficiency technologies are less capital intensive, the combined capital requirement for the SEE scenario is however lower than that for the BAU scenario. Since the primary emphasis in this paper is on investigating the role of energy efficiency, we model the demand-side technologies in detail by characterizing the techno-economics of 11 end-use applications. These are illustrated in Table 4 and include CFLs, efficient fluorescent tubelights, refrigerators, fans, room ACs, TVs, agricultural pumping, public water works, and industrial motors and processes The supply component of the scenarios, on the other hand, is modeled using a single composite technology that is representative of thermal, hydro, nuclear, wind and other smaller capacity power plants.
The projected peak load and capacity ( Figures 3 and 4) , and the consequent electricity generation, in the SEE scenario are lower than those in the BAU scenario despite the higher level of total electricity service provided in the former scenario. This reduced requirement for electricity generation results in reduced demand for imported coal and natural gas fuels and lower emissions of pollutants including carbon dioxide, and reduced operational costs (including fuel and O&M costs) of power plants. We estimate and include these benefits in the results reported in Section 5.
The additional electricity service available in the SEE scenario is assumed to be utilized by energy constrained sectors that would otherwise have experienced power cuts -domestic, commercial and LV-MV industrial (CEA, 2006a) . We estimate the increase in production owing to the removal of the electricity shortage to the productive (commercial and LV-MV industrial) sectors. We assume that electricity shortage implies that other factors of production are present and that availability of electricity would allow businesses to make full use of other inputs to production. Because of the long-term electricity shortage many businesses already rely on diesel or gasoline generators and inverters. We account for these in estimating the impact on overall sector output.
An earlier analysis of direct and indirect income and employment impacts between the two scenarios showed that the difference in impacts between the two scenarios is small (Sathaye et al. 2006) . Because the capital investment is held constant in the two scenarios, the difference arises only because of the variation in investment in different sectors of the economy, and the variation in sector income and employment multipliers. Since the sector multiplier values are very similar, the difference in impacts between the two scenarios is much smaller than would be the case otherwise. We have therefore chosen not to report these benefits in this paper.
Data and Sources
Data on construction and fuel and O&M costs, lifetimes of power plants electricity efficiency options, and estimates of the potential savings from the latter, were gathered on the basis of information available for specific options from the Indian government and/or that available through published literature. Since the analysis is performed from a societal perspective, we use a societal discount rate of 10% for India.
Construction, Fuel and O&M Costs of Power Plants
This sub-section presents the data used for these items in both the BAU and SEE scenarios. The construction cost data for thermal and hydro power plants are based on CEA's current estimates of construction costs, and checked against the construction costs of some recently commissioned plants (CEA, 2009b) . The capital costs of renewablebased power plants vary substantially -wind plants cost Rs 4.50 crore ($ 0.96 million) per MW while small hydro power plants cost Rs 5.50 crore ($ 1.2 million) per MW (Planning Commission, 2008) . Other renewable-based plants also cost more than wind power plants. However, since wind constitutes the majority of planned capacity addition from renewables (90% during the 11 th Plan), we use Rs 4.60 crore ($ 0.98 million) per MW as the representative capital cost for renewable-based power plants. The capital costs of nuclear plants also vary considerably. We thus use the construction cost of the latest nuclear plant (Kaiga I & II) as the benchmark (Ramana et al, 2005) . Table 1 presents the results: ; Ramana et. al (2005) The composite technology is thus modeled as having a capital cost of Rs 4.66 crore per MW, or US $992 per kW.
The generation of electricity is lower in Scenario 2. In order to quantify the benefits due to reduced generation, we need to know the reduced amount of fuel use and operational costs of power plants -coal, gas, hydro and nuclear. The costs are allocated based on their current shares of generation. We combine these numbers with estimates from CEA of the variable costs of generation using each of these technologies (CEA, 2009a) . We present the averages of such costs for each technology in Table 2 . Savings in fuel costs constitute a substantial part of these savings. In 2006-07, India imported 23 million tons of thermal coal for power generation. Additionally, India is projected to import 25 billion standard cubic meters (SCM) of gas during 2011-12 despite a large expected increase in domestic gas production in the Krishna-Godavari basin (Planning Commission, 2008) . Reduction in electricity generation could thus yield significant energy security benefits. To estimate the reduction in import requirement of these fuels, we use the information presented in Table 3 below: 
Data Sources for Scenario 2: Electricity Efficiency Potential and Costs
Several studies report on the potential for electricity efficiency measures and their costs but detailed analyses of these parameters are not available in a consistent format. Analysis from 2002 shows a very large potential for six common end-uses that are also cost-effective (Deneb Consultants, 2002) . The report also provides estimates of the investment requirements of these measures. Presentations from BEE and a paper from the World Resources Institute (WRI) provide more recent estimates of this potential (BEE, 2007; WRI, 2009 ). These sources, however, are not comprehensive enough for our purposes and/or relate to different timeframes.
The three most useful sources of information for our purposes is a recent report prepared by Prayas Energy Group (2009), a baseline model for the energy and CO 2 emissions scenario for India up to 2020 prepared by Lawrence Berkeley National Laboratory (de la Rue du Can et. al., 2009), and a report by the Central Electricity Authority (CEA, 2009). The first report analyzes the data for individual end-uses for the residential sector. It includes current penetration levels of end-use technologies for lighting and appliances and also projects future increases by 2013 based on current sales data and the potential for efficiency improvements based on currently marketed most efficient technologies. The data show for instance that the sales of room air conditioners are increasing at 25% annually while the sales growth rate for lighting technologies is about 1%. Sales of incandescent lamps are about double the stock since these have an average life of about six months. We take into account these data and project future sales up to 2017. For example for ACs we assume a lower sales growth rate of 15% since the demand growth is likely to stabilize over time whereas that for lighting we maintain the same 1% growth rate. The data used in the analysis are illustrated in Table 4 .
To estimate the connected loads for the industrial and municipal sectors, we scale up data from 2004-05 provided by the Central Electricity Authority (CEA) in their General Review report for 2006 (CEA, 2006) . The table is organized by sector and the categories of appliances or processes that are targeted to reduce energy use. It shows the stock of appliances in 2008 and the estimated electricity consumption for each appliance or process. Motors and agricultural water pumping electricity uses are clearly larger than those for other applications. The subsequent columns include data on lifetime and estimated growth rates, hours of daily use and electric power savings potential for each category. Growth rates are based on current growth rates for relatively mature technologies but as noted above are lower than the 25% current rate for AC penetration of which has begun to increase relatively recently with rising incomes. Hours of use for the same device vary by sector, e.g., FTL usage is 5 hours per day for the residential sector but 8 hours per day for the commercial sector. The next column estimates the percentage savings, which are very large (75%) for CFLs but small (5%) for motors. The contribution of motors to gross savings is thus small despite their large use of electricity. Electricity (kWh/yr/unit) savings potential is calculated on the basis of usage per year and the wattage reduction for each category.
The next two columns show the total connected load and the fraction of the load that is estimated to occur during peak hours and thus contributes to the system peak load. Connected load for lighting is clearly very large as is the contribution to evening peak, and any improvement in efficiency of this end-use would significantly reduce the power deficit in the Indian grid system.
In addition to the above data on electricity consumption, connected load, and energy saving potentials, we need information on costs of these technologies. The cost per kW is expressed in 2007 US $ in Table 4 . We also compute the present value of the costs of these technologies. The present value estimate is based on the estimated lifetime of each piece of equipment. If it is less than nine years then the equipment may have to be replaced multiple times between 2009 and 2017. Residential CFLs that have an estimated life of 2.7 years would need to be replaced three times over the nine year period. The calculation also results in a different present value for TFLs that are used in the residential sector from those used in the commercial sector. The last column shows the connected load in 2009, which is based on the percentage of time that the load in each category occurs during the evening peak. Dutt, 1991; BEE, 2007; WRI, 2009; Public Water Works: Barry, 2007 , Natarajan 2008 , WRI 2009 
Industrial and Commercial Businesses:
In order to estimate the difference in macro-economic impacts between the two scenarios, we need to estimate the electricity productivity of the industrial and commercial sectors. For each sector, electric productivity is calculated by dividing the value added attributable to the sector by the sector's electricity consumption. In the absence of a single data source for these data, data on value added are taken from the Economic Survey of India (ESI) and statistics provided by the Ministry of Statistics and Program Implementation, while data on electricity consumption by sector are taken from several years of CEA data (CEA, 2009 and similar prior year reports). However, this necessary de-construction involves the following complications:
The electricity consumption categories reported by CEA are different from those used in reporting the value added by the ESI. This requires matching between the two data sets (see Table 5 ).
The industrial sector is made up of small and large industries and the latter are mostly supplied by high voltage or tension (HV) electricity, which is not subject to electricity cutbacks. It is therefore necessary to examine the distribution of HV and low and medium tension (LV-MV) electricity (see Table 5 ). Figure 5 shows the growth of value added for the LV-MV industrial and commercial sectors since 1990-91. We report changes since 1991 because India adopted a more liberalized economic policy that has continued since that period. 
Electric Power Demand and Supply Scenarios
The Electric Power Information Society under the Central Electricity Authority (CEA) publishes documents containing important information on the power sector in India. The report of the 17 th Electric Power Survey (EPS) of India is a publication giving forecasts of electricity demand, which serves as an important input for power sector planning to optimally utilize the nation's scarce resources. The Electric Power Survey Committee conducts periodic surveys of electricity demand and holds discussions with all the stakeholders to produce demand forecasts for use in planning exercises of all key sectors of the economy i.e. coal, rail, manufacturing, infrastructure, research, industries, etc. The 17 th EPS projects peak demand and the electrical energy requirement during 2016 -17 (MoP, 2007a . In order to analyze the macroeconomic impacts of accelerated penetration of energy efficiency technologies, we construct two scenarios for the eightyear period from 2009 until 12 th Plan ending in 2017 for meeting this projected demand. 5 This scenario includes increased penetration of end-use energy efficiency devices that thus reduce the need (through effective increase in supply of electricity service) for capacity expansion compared to the first scenario. To determine the potential for savings through efficiency improvements in Scenario 2, we estimate the proportion of the additional demand from now until 2017 that will be met with efficient appliances/processes. Additionally, we assume that all the appliances that will retire from the current stock until 2017 will be replaced with efficient ones. Since efficient technologies require less investment per kWh of electricity service, it is possible to meet the peak power demand and overall electricity requirement while holding investment at a level lower than in Scenario 1 6 .
The first scenario (Supply) is Business as Usual (BAU
The 17 th Electric Power Survey (EPS) of India projects that the peak demand in India during 2016-2017 would be in excess of 218 GW while the demand for electricity generation would cross 1,392 TWh (CEA, 2006a) . This assumes accomplishment of the goal of electrification of all households by 2011-12, significant improvements in T&D loss reduction and a 5% spinning reserve. It also includes demand reduction owing to the implementation of some DSM measures but since CEA does not publish any data on these measures, we consider these to be small enough to disregard them in our analysis. Assuming an 80% plant availability factor, the corresponding requirement for installed capacity is 273 GW. Table 6 presents the EPS projections: 
Business as Usual (BAU) Supply Scenario (Scenario 1):
In order to determine the likely capacity addition in the BAU scenario, we use data on actual capacity addition in previous years and on plans for future capacity addition. The numbers for capacity addition realized during the 10 th Plan and the first 5 During the 1980s, several authors investigated the tradeoff between the costs of electricity deficits vs. those of increasing the reliability of electricity supply. For a collection of these papers, see Munasinghe M., Woo C., and Chao H (Eds. (Planning Commission, 2008; Bakshi, 2008) We assume that this trend will continue into the future with annual capacity addition reaching a maximum close to 24,000 MW during 2016-17, the last year of our analysis period. The resulting capacity addition estimate for the remaining three years of the 11 th Plan is 42,300 MW and for the entire 12 th Plan is 98,600 MW summing to a total capacity addition of 140,900 MW in the BAU scenario.
Since we model capacity addition as a single composite technology in Scenario 2, we need to calculate a single number representing the capital cost of power plants. We thus need to disaggregate the overall capacity addition estimates by the type of technology. During the 10 th Plan, almost 100% of planned nuclear capacity addition and 218% of planned capacity addition from renewable sources were actually put in place. For the 11 th and 12 th Plans, we assume that 100% of planned capacity from these two sources will be put in place (since repeating the performance for renewables is unlikely). The remaining addition to power capacity comes from thermal and hydro power plants. We assume that the ratio between hydro and thermal technologies of achievement to planned capacity addition stays the same over our analysis period as during the 10 th Plan (128%).
Based on above data and assumptions, the peak demand and peak capacity available at the bus bar for the first scenario (BAU Scenario) are shown in Figure 3 . Peak demand and available peak capacity increases from 131 GW to 234 GW and from 114 GW to 222 GW respectively from 2009 to 2017. The electric power deficit is persistent in this scenario while gradually reducing from 13% to 5% by 2017. The corresponding discounted cumulative investment for the power supply amounts to $81.4 billion over this period.
The electricity generation and consumption in the scenario also are deficit prone. The deficit declines from 83 TWh in 2009 to 62 TWh by 2017. Since the load factors in the analysis do not change significantly over the study period the percentage deficit is the same as noted above in the power scenario.
Supply with Energy Efficiency Scenario (SEE, Scenario 2):
Using the data described in Section 3 above, we calculate the potential for peak reduction and electricity savings through the implementation of efficiency measures for all new demand and all retired appliances over an 8-year period until the end of the 12 th Plan in March 2017. 
CFLs
The aggregate cost-effective savings potential in the SEE scenario adds up to about 25 GW by the end of the 12 th Five Year Plan (Figure 7 ). The potential varies by end-use over time. The largest potential savings are related to improvements in lighting technologies, accounting for almost 43% of total peak load reduction, which rises to 55% by 2011 (Figure 7) . The lighting share declines subsequently compared to that for other end uses as all new lighting is assumed to shift to efficient devices. Air conditioners (ACs) constitute the next best option due to the rapid increase in their penetration over the study period. ACs account for 18% of the savings potential to begin with and eventually reach 25% by the end of the 12 th Five Year Plan or about the same proportion as lighting. Refrigerators, televisions and agricultural water pumping constitute the next three savings potentials in this scenario followed by industrial loads and public water works. Figure 8 shows the corresponding electricity savings potential over the same period. The proportion of electricity savings varies from that for peak-load savings described above. The variation occurs due to the fact that the usage of end-use technologies does not necessarily peak during the evening peak load hours. In the case of lighting, the peak occurs at the same time as the overall system peak and hence the proportion of electricity savings is about the same as that for peak load savings. On the other hand, agricultural pumping occurs largely at off-peak hours and the electricity savings potential is thus much larger, about 25% compared to only 6% reduction in peak load savings. CFLs Figure 4 shows the benefit of rapid penetration of the energy efficient end-uses. The peak-load deficit is eliminated by 2012 due to the rapid deployment of lighting technologies and the steady increase in penetration of the other efficient technologies. Figure 10 illustrates the parallel case for electricity supply and demand between 2009 and 2017. In this case, the electricity deficit is eliminated by 2014. A key difference between the peak load and electricity deficits is that the higher penetration of efficiency options results in earlier elimination of the power deficit and also in an increasing reserve margin by 2017 (Figure 4 ) compared to that for electricity generation (Figure 10 ). This occurs because of the higher percentage of electricity deficit in the base year (13.3%) compared to a peak-load deficit of 10.8%. Also, some of the end uses such as lighting run on peak and hence improving their efficiency contributes significantly to peak load reduction and to reduction in the need for supply capacity while others such as agricultural water pumping have the opposite effect. The combined effect of the end uses selected for the SEE scenario, however, is that these are somewhat but not significantly more effective in reducing peak load compared to reducing electricity consumption. 
Economic Benefits, and Fuel and CO 2 Savings
In this section, we report on the economic benefits associated with the higher penetration of energy efficiency measures in SEE Scenario 2. The benefits occur due to the decreased power capacity and generation of electricity in the second scenario that lowers the investment and fuel costs respectively. The major benefit, however, comes because of the removal of electricity shortage in this scenario. The higher penetration of energy efficient equipment lowers the demand for electricity. The allocation of electricity thus saved is then adequate to eliminate the electricity shortage and the portion supplied to business customers leads to a significant increase in economic output, which we quantify below.
The investment required for the SEE scenario includes that for building new power plants and for increased penetration of energy efficient devices. Since the amount of capacity to be built in the SEE scenario is less than that in the BAU scenario the investment required amounts to $74.2 billion compared to $81.4 billion in the BAU scenario. In addition, the investments needed for efficient devices amounts to $6.3 billion. The total investment needed in the SEE scenario is thus $80.5 billion, which is only slightly less than that in the BAU case. The major benefit is thus derived from the reduced operating and fuel costs, and the benefit derived from the increased economic output, which would result from supply of electricity that fully satisfies demand.
Capital, Variable Cost, Fuel, and CO 2 Savings
The reduction in electricity generation begins once the electricity shortage is removed in 2014, and accelerates thereafter. The cumulative electricity generation in Scenario 2 is thus lower than in Scenario 1 by 81 TWh by the end of the 12 th Five Year Plan and by 411 TWh by 2020. Note: +Values are based on an estimated 23% of C&LV-MV customers using self-generation and inverters in 2009 with the share increasing to 48% by 2020.
In 2008-09, coal accounted for 69% of the generation from conventional sources and gas accounted for another 13%. Hydro and nuclear accounted for the remaining 16% and 2% respectively (CEA, 2009) . Allocating the 81 TWh difference in generation as per these percentages and multiplying the results by the generation cost estimates in Table 2 results in total savings in operational (including fuel) costs of power plants of $2.2 billion by 2017 and $11 billion by 2020 (Table 7) .
In addition to monetary savings, this reduction in generation through efficiency improvements entails significant reduction in CO 2 emissions. The CO 2 emissions factor for the Indian electricity system is 0.79 tons of CO 2 per MWh of electricity (CEA, 2008) . Thus, the cumulative CO 2 abatement in Scenario 2 by the end of 12 th Five Year Plan is 65 million tons, which increases to 333 million tons by 2020.
The reduced generation will also result in a decrease in emissions of local pollutants (SO 2 , NO x , and Fly Ash) that are noted in the table. These values are calculated based on the estimated power plant specific emissions reported in a publication by Ohio State University 7 . Typically the sulfur content of Indian coal is quite low (~0.5%) and hence the emissions savings tend to be small as well.
Estimates of per-unit fuel consumption from Table 3 
Macro-economic Impacts: GDP Benefit
The most significant economic impact accrues from removal of the electricity deficit to the Indian economy and the allocation of the saved electricity to business customers, and not from the difference in distribution of the investment or the operational savings between the two scenarios 8 .
The electricity saved through energy efficiency improvements in Scenario 2 is allocated among the electricity constrained domestic, commercial, and LV&MV industrial sectors. The proportions of electricity consumption among these sectors are estimated beginning in 1991 and are shown in Figure 11 below. The commercial sector share has continued to increase and reached 22.4% by 2007-08 while that of the LV-MV industrial sector declined to 19.6%. Projecting these trends to 2019-20 reveals that the two shares will change considerably with the commercial share increasing to 35% and the other declining to 13.5%. We use these proportions to determine the changes in electricity demand over these periods. 40.0% 1 9 9 1 -9 2 1 9 9 3 -9 4 1 9 9 5 -9 6 1 9 9 7 -9 8 1 9 9 9 -0 0 The reallocated saved electricity to the commercial and LV-MV industrial sectors increases their output by allowing them to operate at full capacity. The amount of increase in output depends on the kinds of industries or businesses that benefit from the increase in electricity service. We estimate the increase in economic output based on the average electricity productivity in the concerned sector. The proportional increase in economic output also depends on whether or not these industries/businesses have self-generation capacity in the absence of electricity supply from the grid. We adjust our estimates of economic output to account for selfgeneration in the LV-MV sectors.
The electricity productivity of the commercial sector 9 is calculated by dividing the total contribution to GDP from the commercial sector by the total annual electricity consumed by this sector annually from 1991 to 2020 (Figure 12 ). This analysis produces an interesting result. The electricity productivity in both commercial and LV-MV industrial sectors has increased during the study period, and productivity of the former is several times that of the latter sector. The electricity productivity of the commercial sector has flattened out with a slight decline in this value since 2004 perhaps due to increased use of air conditioning in new buildings, while that in the latter sector has continued to increase. The productivity of the total economy too has improved somewhat during the study period and the trend indicates that it will continue to increase in the future.
The cumulative electricity consumption deficit amounts to 654 TWh from 2009-2017 in the BAU scenario. Since the energy efficiency options are implemented through replacement and new sales the electricity deficit is removed gradually in the SEE scenario over the study period. As a consequence, deficit amounting to a cumulative total of 199 TWh persists until 2014 in the SEE scenario. The net amount of deficit that is removed thus is the difference between the two or 455 TWh.
Removal of this deficit provides a significant benefit to economic output in the commercial and LV-MV industrial sectors. We estimate this benefit by using the aforementioned direct productivity factors. We assume that the deficit is in the same proportion as the projected electricity shares of the commercial and LV-MV industrial sector as shown in Figure 11 . Assuming that the consumptive domestic sector does not reinvest the resultant monetary savings, we concentrate on the increase in production in the productive (commercial and LV-MV industrial) sectors owing to this increase in electricity availability. The discounted present value of this increase in production amounts to $609 billion in the commercial sector and $189 billion in the LV-MV industrial sectors for a total benefit of $798 billion by 2017. This is equivalent to roughly 88% of India's 2007-08 GDP of $911 billion.
As noted earlier, some of commercial and LV-MV businesses rely on self generation to offset the grid electricity deficit. Unfortunately, there are no explicit data on the proportion of self-generation in these sectors. There are some studies that report on the percentage of self generation. Bose et al. (2000) report from empirical data that 20% of businesses self generate in the state of Gujarat. Nationally, data from sales of small (<1 MW) generators (CEA 2005) stretching back to 1991 provide some insights in the current availability of self-generators. Assuming a 5% retirement rate from 1991-2009 we estimate the total 2009 self-generation capacity to be 26.1 GW. By itself, if all this capacity were spread across the 21 million commercial (C) and LV-MV industrial customers (CEA, 2009) , and further if all the capacity were used at the evening peak hours, it would be more than enough to take care of the estimated 2009 power shortage of about 13.1 GW or 0.6 watts/customer. However, the same data set shows that the total number of customers with generator sets is about 917 thousand or 4.7% of the total C&LV-MV customers 10 , The electricity shortage prevails in every state in India, thus assuming that the generators are spread in the same proportion as the peak shortage across the states, and that all of them are used to address the evening peak, implies that only 567 MW or 4.3% of the total shortage is being addressed.
Another option that many customers utilize is the use of inverters to ensure uninterrupted power supply (UPS). UPS is widely used in both residential and commercial sectors. Recent data shows that the sales of UPS devices have increased faster than those of generators and reached about 1.2 million in 2009 (Indiastat 2010) . The total number of UPS devices in 2009 is estimated to be 5.9 million assuming a 5% retirement rate. A large fraction of these devices are held by domestic users and also by the organized sectors. If we assume that about 75% of these devices are held by C &LV-MV customers then combined with the generator sets they would add up to 4.4 million customers.
11 The total amounts to 3300 MW or 25% of the total shortage being addressed by these generators and UPS devices combined.
There are two reasons why this value may be low. One is that LV-MV industrial businesses may shift batch production to other times of the day, and two there may be variation in peak load shortage and the location of C&LV-MV customers. On the other hand, use of self-generators and inverters to offset deficits during off peak hours may increase the estimated value.
12 Further, inverters have a low efficiency with 25% or more losses. As a result, while inverters permit owners to maintain their business activity, their usage adds to the overall electricity shortage. 1,000,000 1,500,000 2,000,000 2,500,000 3,000,000 1 9 9 1 1 9 9 3 1 9 9 5 1 9 9 7 1 9 9 9 2 0 0 1 2 0 0 3 2 0 0 5 2 0 0 7 2 0 0 9 2 0 1 1 2 0 1 3 2 0 1 5 2 0 1 7 2 0 1 9
Generator Stock Stock
Poly. (Stock) Figure 13 shows the increase in the use of inverters and generators over time. We project the sales trends for generators during between 1991 and 2006 up to 2020. For inverters, we use projections made by Indiastat (2010) up to 2020 to capture the change in annual stock until that year. In both generator and inverter trends, we assume a 5% retirement rate per device, and for inverters we assume that 75% of these devices are used in the C & LV-MV categories of customers. The outcome of this calculation is that the percentage of customers who rely on generators and inverters to offset electricity shortages rises from 23% in 2009 to 48% by 2020. We further make a conservative assumption that through the use of these devices customers are able to fully recapture the output losses that electricity cuts would have imposed on them. As a consequence our aforementioned estimated cumulative GDP benefit is reduced to $505 billion by 2017 and $608 billion by 2020.
Limitations of the analysis
The analysis is intended to provide insights into the role that energy efficiency could play in reducing or removing the electricity deficit in the Indian economy, and thus it has lessons for other developing economies that too face a chronic electricity deficit. It highlights the large GDP benefits that could accrue to the Indian economy by removing electricity deficits. Since the analysis is conceptual, it overstates the case in some respects while undercounting some of the macroeconomic benefits of such a strategy.
In the SEE Scenario 2, energy efficiency improvements are targeted at only sales of new equipment. However, energy efficiency measures may not achieve the technoeconomic potentials illustrated in the SEE Scenario 2 unless policies such as labels and standards for mass market goods and nationwide DSM programs are put in place. What types of specific incentives are needed to accelerate the penetration of these measures? To what extent might these increase penetration over a reference case? How well do we understand the reference case? What other opportunities in energy efficiency could surface over the analysis period? Questions such as these will determine the level of savings actually achieved in the SEE Scenario 2. Improved modeling, data collection and the potential for implementation of efficiency policies will be needed to address these questions.
Bulk of the investment in production of energy efficiency equipment is expected to come from private industry while that for the supply-side will likely originate from the government. Analysis is needed to estimate the detailed investment potential in each case, and the incentives that might be needed to promote each type of efficiency improvement.
Another set of questions arises from the modeling of the supply side, where we have assumed a single supply source. Obviously, this is not the case, and the Indian power sector has coal, oil/diesel, natural gas, nuclear, hydro, and several renewable generation sources, each with a different construction lead time. Similar to the electricity efficiency penetration case, one would need to model these by year over a ten-year scenario since the investments will be spread over the construction schedule and some of these will take place for plants that will come on line after 2020. In addition, some degree of representation is needed for peak and base plants since their capital costs are different.
While the above consideration of the energy efficiency and power plant disaggregation and timing may slow the removal of deficits, and hence reduce the economic impact over the period to 2020, the impacts on government budgets, which we have not analyzed here, constitute a yet another strong case for the removal of the electricity deficit. The major impact on government current account revenue would come from the reduction in subsidy payments to the agricultural sector. The government would save in two ways, one by not having to finance the construction of as many new power plants as in the BAU Scenario, and secondly by the increased tax revenue it would collect from the larger business activity in the SEE scenario.
Summary and Conclusions
This paper highlights the significant role that energy efficiency measures could play in alleviating India's electricity deficit. Cost-effective end-use electricity efficiency measures have the potential to eliminate the expected electricity deficit by 2014 while at the same time requiring less investment for new power supply compared to the BAU scenario. Removal of the electricity deficit through these means leads to a $505 billion and $608 billion increase in India's economic output by 2017 and 2020 respectively based on the use of self-generators and inverters by 23% of the deficit-affected businesses in 2009, which increases to 48% by 2020. It would also reduce government outlay for power capacity expansion and subsidy payments to India's state-run electric utility companies. India's energy security position would also improve due to reduced coal imports for electrical energy generation in the efficiency scenario, and it would lead to climate change mitigation by reducing carbon dioxide emissions by 333 Mt of CO 2 by 2020.
An important conclusion from our analysis is that the LV-MV industrial sector and the commercial sector, which along-with the domestic sector usually experience electricity cuts during times of shortage, are more productive per unit of electricity consumption than the overall national average. Thus, the Indian economy would greatly benefit if the electricity shortages in the more productive LV-MV industrial and commercial sectors were removed quickly.
A more detailed analysis would need to improve the representation of electricity supply technologies and peak-and base-load power demand, better estimate the rate of market penetration and the market potential for energy efficiency measures, estimate the quantitative tax benefit to the state and central governments, and highlight the policies needed to promote electricity efficiency improvement.
